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　The author has been studying the structure of ion channel gramicidin A in membranes. This 
paper considers the movement in membranes of side chains for the structure of gramicidin A 
amino acid sequence. The backbone of a polypeptide structure can rather severely limit the steric 
range alowed conformations for large, relatively inflexible side chains, such as the indole ring of 
tryptophan. This paper describes a method for determining the possible locations of side chains 
in a polypeptide helix, by taking into account the steric requirements. First, the method ataches 
side chains to the backbone using the concept of least-squares best molecular fit to the crystal 
structures of single amino acids. The side chains are then rotated about the Ca-Cb and the Cb-
Cg bonds, to select those conformations which exhibit no unfavorable steric contacts with the 
polypeptide backbone. The method has been applied to the atachment of four tryptophan side 
chains to a proposed b-helical backbone model of gramicidin A.
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I.　Introduction
　Gramicidin A is a linear pentadecapeptide antibiotic from Bacilus brevis that facilitates the diffu-
sion of monovalent cations (K+, Cs+) across membranes1) by forming transmembrane channels, 
each of which is made up of two molecules (dimer) of gramicidin A (Fig. 1a, 1b). As suggested 
by Urry2) the gramicidin channels are dimers of b6.3-helical monomers that are joined by six 
hydrogen bonds at their formyl-NH termini (Fig. 1). The amino acid seguence of valine grami-
cidin A is altenative structure;
HCO(formyl)-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp(ZZZ)-D-
Leu-L-Trp-D-Leu-L-Trp-NHCH2CH2OH(ethanolamine)
where ZZZ is tryptophan in gramicidin A, phenylalanine in gramicidin B, and tyrosine in grami-
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Fig. 1a　Schematic diagrams of the gramicidin A described in the text, the channel
(helical dimmer) and pore (double helix) conformations. (ref. 3)
Fig. 1b　Models proposed for the conformation of the gramicidin A trnsmembrane channels.
cidine C. Gramicidin D is the name given to the natural mixture of garamicidins A, B, and C, 
which are present in an approximate ratio 80 : 5 : 15.3) Tow established mechanisms of achieving 
ion flux across lipid bilayer membranes are by neutral carriers2) such as valinomycin and nonactin 
in Fig. 2a, 2b, and by the formation of transmembrane structrures as occur with nystatin 
(Fungicidin), amphotericin B (Fungizone), tyrocidine in Fig. 3a, 3b and 3c and ion channel grami-
cidin A. The two possible types conformations of gramicidin A have been proposed in 1987 the 
channel and pore structures (Fig. 1a), which correspond to the forms primarily found in 
membranes and in organic solutions, respectivel. Models were proposed for the conformation of 
the gramicidin transmembrane channel made up of two molecules (Fig. 1b).1) A general method 
is presented for computing the atomic coordinates of helices in which a dipeptide is the repeating 
unit.4) Antiparalel dimmer of single-stranded b-helices (P=4.85, N=6.3) have been presented.4)
　In the basis of a solved crystal structure, one must resort to less direct methods for information 
regarding the tertiary structure of a protein in biological membranes. Spectroscopic techniques 
The Possible Positions of Amino Acid Side Chains in Ion Channel Antibiotic Gramicidin A 347
Fig. 2a　Valinomycin
　　　 　Cyclododecadepsipeptide antibiotic produced by Streptomyces fulvissimus.
Fig. 2b　Nonactin
　　　 　Macrotetrolide antibiotic produced by several Streptomyces spp.
Michio KIMURA348
Fig. 3a　Nystatin (Fungicidin)
　　　 　Polyene antifungal antibiotic produced by Streptomyces noursei, S. aureus.
Fig. 3b　Amphotericin B (Fungizone)
　　　 　A polyene antibiotic produced by streptomycete culture M4575
obtained from soil of the Orinoco river region on Venezuela.
Fig. 3c　Tyrocidine
　　　 　Antibiotic mixture produced by Bacilus brevis. Major constituent of tyrothricin.
may be used to characterize the types of secondary structures present in a given protein 
molecule.5) In some cases a particular amino acid sequence can be associated with a particular 
secondary structure, based on either theoretical6) or experimental considerations. For example, 
the bacteriorhodopsin molecule is known to consist of seven transmembrane a-helical segments 
connected by short linker sequences.7) Because of the protease susceptibility of some of the 
linker regions, and the occurrence of helix breaking residues (proline), the amino acid sequence 
of bacteriorhodopsin can be approximately aligned with the α-helical segments.8) Another 
example is the case of gramicidin A, for which several helical conformations have been 
proposed.2),9) A particular polypeptide backbone secondary structure may impose limitations 
upon the availability of alowed conformations of amino acid side chains which are atached to that 
backbone. This paper concerns the calculation of possible side chain orientations based on steric 
interactions with a given polypeptide backbone structure.
　The general question under consideration here is the placement of amino acid side chains in 
polypeptides of known sequence and known or proposed secondary structure. Although the orien-
tations of side chains in such cases cannot be determined absolutely, the range of alowed orien-
tations may be computed for an individual side chain atached to a given backbone structure. 
Information regarding the orientations of side chains may be important for considerations of 
protein function in membranes (for example, the proton pumping activity of bacteriorhodopsin), 
or for deciding between alternative proposed secondary structures. In the absence of side chains, 
it was impossible to determine whether a single-stranded b-helix or a double-stranded b-helix 
gave a beter fit to the diffracted x-ray intensities from ionfree crystals of gramicidin A.10)
　This paper provides a general method for ataching side chains to a polypeptide backbone struc-
ture, once coordinates for the backbone are available. To ilustrate the method, we discuss the 
atachment of tryptophan side chains to a single-stranded b-helical model of gramicidin A. The 
coordinates of the backbone structure, including b-carbons, were generated by a computer 
method for building dipeptide repeat helices.11)
　Gramicidin A is a linear peptide of 15 amino acids described before, including 1 Gly, 2 Ala, 4 
Val, 4 Leu, and 4 Trp, the later at positions 9, 11, 13 and 15.12) The-Gly and Ala side chain posi-
tions are completely determined by the backbone structure, the Val side chains have one degree 
of freedom – rotation about the Ca-Cb bond and the Leu and Trp side chains have two degrees 
of freedom – rotations about the Ca-Cb and Cb-Cg bonds. Because of the large size of the indole 
ring, the Trp orientations are most restricted by the helical backbone. Therefore, our atention 
has focused mainly on tryptophan, although the same approach can be used for any amino acid.
II.　Computer fiting of tryptophan
(1)　Starting backbone model
　A family of single-stranded b-helical structures was proposed in 1971, and approximate helix 
parameters were derived from CPK and/or wire models of the helices.13) The b-helices having 
4.4, 6.3 or 8.2 residues per turn were shown to be stabilized by favorable hydrogen bond paterns 
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similar to those of paralel b-pleated sheet. The b-helix having 6.3 residues per turn is the most 
likely candidate for the conformation of the gramicidin A transmembrane channel.1),14),15) It has 
been found that a single-stranded b-helix having 6.3 residues per turn and a pitch of 4.85 forms 
favorable 2.8 Å intrachain hydrogen bonds, and used computer generated coordinates for this 
helix11) as a starting polypeptide backbone to which atach Trp side chains.
(2)　Atachment of side chains to the helix
　The side chains are atached by a least-squares best molecular fit to the x-ray crystal structures 
of the amino acid monomers. The method of the least-squares best molecular fit is the same as 
described by Nyburg16), except that the atomic coordinates of the nitrogen (N), alpha carbon 
(Ca), beta carbon (Cb), and carbonyl carbon (C(O)) atoms are used as the comparable sets of 
four atoms common to both the amino acid monomers and the peptide backbone.
　The present author has developed the computer software to calculate the best position of the 
side chains of polipeptides by this method.
　The method wil be briefly described here. Input to the program consists of atomic coordinates 
of N, Ca, Cb and C(O) of both the backbone and the monomer. The nonweighted centroids of 
two sets of four common atomic positions,   are computed from 
the atomic coordinates translated into an orthogonal system, and assigned as the origin for a calcu-
lation of either a constrained or unconstrained best molecular fit. The errors in individual atomic 
coordinates are not considered in the calculation described here.
　After an initial rotation of the monomer using only the three points associated with the 
centroids and the positions of the first two atoms of the set, the fit is refined using three kinds of 
rotations, S1, S2 and S3 of the monomer about the orthogonal axes (X, Y, Z) to give a best least-
squares fit of X, Y, and Z coordinates. One such kind of rotation equation for the X-axis is as 
foliws17):
　　　　 
where
　　　　 
If the change in w1 for each rotation (S1, S2 and S3) between successive refinement cycles is less 
than 0.001°, the refinement is terminated. In al cases, no more than three redinement cycles 
have been required. An alternate method using orthogonal rotation matrices17) gives equivalent 
results, but requires more computation time.
(3)　Rotation of the atached side chains
　Crystalographic coordinates (X’) are translated to orthogonal coordinates (X) by a translation 
matrix (T) defined by the cel dimensions, X = TX’. Fig. 4 shows a schematic diagram of a trypto-
phan side chain atached to the peptide backbone in orthogonal coordinate system. Consider the 
line ℓ1 which passes through the points P1 (X1, Y1, Z1) and P2 (X2, Y2, Z2) associated with the Ca 
and Cb atoms of indole ring of tryptophan. The equation of ℓ1 is:
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where the direct cosines are defined by L = X2 － X1, M = Y2 － Y1 and N = Z2 － Z1. If we rotate the 
point P3 through the angle q1 around ℓ1, P3 is shifted to the point P4. The coordinates of P4 (X4, 
Y4, Z4) are given by the folowing equations:
　　 
where σ and h are as folows :
　　　　　 
For each rotation (q1) around ℓ1 as the first rotation, a series of second rotations (q2) around the 
line ℓ2 (defined by the points P2 and P3) are carried out to obtain al possible tryptophan side 
chain conformations. The author choses to examine the steric contacts between the side chain 
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Fig. 4　Schematic diagram which shows the two rotational degrees of 
freedom of the indole side chain of tryptophan.
 The alowed rotations are q1 (about the Ca-Cb bond) and q2 
(about the Cb-Cg bond).
and the helical backbone at intervals of 30° in q1 and 30° in q2. In this way 144 different trypto-
phan conformations were considered.
III.　Results
　Using a single-stranded, left-handed b-helix having 6.3 residues per turn and a pitch of 4.85 as 
the model for the polypeptide backbone of gramicidin A (Fig. 7), including b carbons, the side 
chain of residue 9, L-Trp, was atached to the backbone by the method described above. Stereo 
ORTEP drawing (Fig. 8) of an antiparalel dimer of single-stranded b-helices (P=4.85, N=6.3), 
which are possible structures of Gramicidin A in membrane. The tryptophan side chain was then 
rotated around the Ca-Cb single bond (q1) and the Cb-Cg single bond (q2) from 0 to 360° in inter-
vals 30° for both rotations, to give 144 possibilities for the side chain conformation. For each 
orientation, a forbidden van der Waals overlap test was done by calculating the shortest distance 
from any backbone atom to any side chain atom, to give the steric map shown in Fig. 5. In Fig. 
5, the alowed positions of No. 9 tryptophan are shown in the shaded area. For al other orienta-
tions an impossible close van der Waals contact (less than 2.9 Å) occurs between the helix and 
the side chain. The possible conformations are roughly separated into three regions, with q1 in 
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Fig. 5　Ilustration of the alowed orientations of indole rings attached to odd numbered 
(L) α-carbons of a left-handed N = 6.3, P = 4.85 β-helix
 The q1 and q2 rotational angles are as defined in Fig. 4. For each orientation, the 
distance of closest approach between the indole ring and the polypeptide backbone was 
calculated. The shows contours surrounding orientations whose minimum contact 
distances are 3.1, 3.0 or 2.9 Å. If the minimum distance was less than 2.9 Å, the orienta-
tion was disalowed. The results are the same as Trp-9, 11, 13 and 15 in the amino acid 
sequence of gramicidin A. Al of the alowed orientations for these tryptophans direct the 
indole rings toward the N-terminal end of the helical backbone assumed for the grami-
cidin A molecule. This is true even for the C-terminal Trp-15 group, since local contacts 
between the C-g carbon and neighboring atoms of residues 14, 15 and ethanolamine 
preclude those values of the q1 angle which would tend to point the ring into the space 
off the C-terminal end of the molecule.
the range from 150°-300°, if q2 is near either 30° or 180° ; or q2 in the range from 0°-180°, if q1 
is near 270°. The q1 and q2 values are measured relative to the conformation of L-Trp in single 
crystals of the pure amino acid.18)
　For additional information on the selection of a preferred conformation, the distances (d1) 
between the nitrogen atom of the backbone and the Cg atom, and the distances (d2) between the 
carbonyl carbon atom of the backbone and the Cg atom were calculated, because the position of 
the gamma carbon atom of the side chain is restricted only by the q1 rotation independent of the 
second rotation (q2). When the distance d2 is ploted versus d1, the egg-shaped smooth curve 
shown in Fig. 6 is obtained. Ramachandran and Sasisekharan19) surveyed extensive experimental 
evidence on the structures of amino acid and peptides, and established characteristic distances 
between the atoms corresponding to the shortest intra- and intermolecular contacts. According to 
their table, normal limits of N・・・Cg and C・・・Cg are 2.9 and 3.0 Å, respectively, and their 
extreme limits of close approach are 2.8 and 2.9 Å, respectively. On the basis of their values with 
regard to the distances N・・・Cg and C(O)・・・Cg described above, the alowed positions of the 
Cg atoms of tryptophan side chain are shaded in Fig. 6.
　By combining the information in Fig. 5 and 6, one can restrict the orientation of the side chain 
of Trp-9. If d1 < d2 in Fig. 6, as is generaly found
19), then q1 is restricted to the range 120°-180° 
and q2 is restricted to values near 30° or 180°. If d2 < d1 the alowed region is enlarged to 
include q1 values up to 240°. When the calculations are repeated for Trp-11, 13, and 15 of grami-
cidin A, identical steric constraints are obtained, a result which would be expected for a dipeptide 
repeat helix in which al oddnumbered residues of the polypeptide backbone are equivalent, 
provided there were no relaxing of constraints near the end of helix. The possibility of a helix 
termination effect with regard to Trp-15 was of special interest, since this is the final amino acid 
in the sequence. However, the C-terminal of Trp-15 is blocked by ethanolamine. With ethanola-
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Fig. 6　Variation of Trp C γ -to-backbone contact distances with the
rotation angle  θ 1 (defined in Fig. 4).
mine included in our backbone model and oriented so that the terminal-OH is hydrogen bonded 
to the N-H of residue 1111), the side chain of Trp-15 was subject to exactly the same steric restric-
tions as Trp-9. This result is primarily due to the fact that local interactions in the vicinity of the 
  atoms require that the indole ring slant toward the N-terminal direction and 
away from the C-terminal, thus precluding the side chain of Trp-15 from flopping into free space 
off the C-terminal end of the helix. Of course, this analysis would be valid only if the regularity 
of the helical backbone structure were maintained to the very end of the chain, with the final intra-
helix hydrogen bonds intact:
 14 C=O ‥‥ H-N  9
 ethanolamine  N-H ‥‥ O=C  9
 ethanolamine  C-O ‥‥ H-N 11
 H  
(The carbonyls and nitrogens of residues 13 and 15 point out into solvent off the C-terminal end 
of the helix).
N ― Cg ― Cb ― Cg
      
―
C
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Fig.　7　ORTEP drawing of a left-handed single-stranded  β -helix having P = 4.85 Å/turn 
and N = 6.3 residues/turn.  This and subsequent figures show the requisite number 
of nonhydrogen atoms sufficient to represent various plausible configurations for the 
backbone of gramicidin A, including the formyl and ethanolamine terminals. The helix 
progresses upward from the N-terminal formyl group at the botom of the figure. The 
nitrogen atoms are crosshatched, carbon atoms left open, formyl oxygen labeled F, and 
other oxygens numbered. In this model, the hydroxyl of the C-terminal ethanolamine, 
labeled residue 16, has been arbitrarily drawn so as to hydrogen bond to the nitrogen of 
residue 11. The b-carbon of residue 2 (Gly in gramicidin A) has been deleted. The intra-
molecular hydrogen bonds (--) in this model have lengths of 2.79 Å (even-numbered 
carbonyl groups) or 2.82 Å (odd carbonyls). (Ref. 4)
　Two of the stericaly alowed tryptophan orientations are shown in Fig. 9. The ORTEP ploting 
program20) was used to display the end views of models of a gramicidin monomer having al of 
the Trp side chains in the (q1 = 240°, q2 = 150°) orientation (Fig. 9).
IV.　Discussion
　This paper presents a method for calculating the restrictions on Trp indole ring orientations 
imposed by a helical polypeptide backbone. Now coordinates of the Trp side chains, in one of a 
smal number of alowed positions, can be included in a backbone model of gramicidin A. Since 
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Fig.　8　Stereo ORTEP drawing of an antiparalel dimer of single-stranded  β -helices (P = 
4.85, N = 6.3).  Each monomer has the structure shown in Fig. 7. Al intramolecular 
hydrogen bonds have been omited, but the six intermolecular hydrogen bonds that 
have been proposed to stabilize a gramicidin A dimer (Ref. 4) are shown.
four of the fifteen amino acids in gramicidin A are Trp, the overwhelming majority of side chain 
electron density is included in these four side chains. Inclusion of these atoms in the model 
should help atempts to resolve the remaining single isomorphous phase ambiguity for crystals of 
ionbound gramicidin A21), by a trial model building approach.
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